Abstract-In this work, the linearity of a high gain Harmonic Self Oscillating Mixer (HSOM) is analyzed. In order to obtain high conversion gain, the working point of the HSOM is established close to a Hopf bifurcation point. The traditional figures of merit used to characterize the linearity of conventional mixers cannot be directly applied to characterize the behavior of autonomous circuits, because of the influence of the input RF signal power on the autonomous signal parameters. The 1 dB compression point and the third order distortion will be analyzed as a function of the harmonic content and maximum gain of the circuit. From the collected data, the optimum harmonic content and the maximum conversion gain of the HSOM can be selected, for a particular application, in order to minimize the output IF signal distortion.
INTRODUCTION
Modern microwave communication systems, and specially wireless and portable implementations, have to comply with strict requirements about size, weight, power comsumption and cost. These goals can be achieved by using multi-functional circuits, which enable the implementation of several blocks of the communication system using a reduced number of components. From this point of view, the Harmonic Self Oscillating Mixer (HSOM) is a multi-functional circuit which results an attractive option to be used in front-end stages of microwave and millimetre-wave receivers. With a single transistor, the HSOM works as a mixer with positive conversion gain and generates the local oscillator signal.
In recent years, several techniques based on Harmonic Balance (HB) have been developed to design and analyze HSOM and other autonomous circuits by using commercial simulators [1] [2] [3] . These techniques are based on the use of an auxiliary generator and allow the control of the frequency and the harmonic content of the autonomous signal. However, they cannot deal with the main drawback of HSOM circuits, i.e., the high conversion losses and the narrow bandwidth.
In this work, the conversion gain of the HSOM will be considerably improved through the application of a recently developed technique based on bifurcation analysis and control methods [4] . This technique combines the control of the harmonic content of the autonomous signal [3] with the careful selection of the HSOM operating regime, which will be established in the vicinity of a Hopf bifurcation point [5] [6] [7] . Thus, the high amplification effect associated with this working point will be used in order to improve the conversion gain of the HSOM.
As in any amplifier [8] [9] [10] , mixer [11] [12] [13] [14] [15] [16] [17] , or active antenna with mixing capabilities [18] , noise behavior [11, 12] and IF signal distortion [13, 18] are key factors that must be rigorously analyzed and minimized. In this work, it will be shown that the figures of merit which are traditionally used to analyze the linearity of conventional mixers cannot be directly applied to an autonomous circuit like the HSOM, because of the influence of the input RF signal power on the parameters of the self-oscillating signal. In this work, the distortion of the output signal will be analyzed versus the harmonic content of the autonomous signal and the working point of the circuit. Therefore, for each particular application, the optimum working parameters can be selected in order to reach a trade-off between the maximum allowed distortion and the required conversion gain. This paper is organized as follows. In Section 2, the circuit topology and the design method, based on the use of an auxiliary generator, are described. The analysis of the conversion gain of the HSOM versus the harmonic content of the autonomous signal and the working regime is presented in Section 3. Finally, Section 4 provides an in-depth analysis of the linearity of the mixing operation, as a function of the harmonic content of the autonomous signal and the operation point of the circuit.
TOPOLOGY AND DESIGN OF THE HSOM

Topology
The topology of the HSOM is represented in Fig. 1 . The circuit is based on a single ultra-low noise PHEMT transistor with a feedback network placed at the source terminal which provides the negative resistance required at the gate port for the start-up of the autonomous signal, with frequency f o = 3.25 GHz and amplitude V o . The feedback network includes a varactor which allows frequency tuning. The input RF signal, with center frequency f RF = 11.5 GHz and power P RF is connected to the gate port through a band-pass filter. A multiharmonic load based on an arbitrarily width modulated transmission line [19] is also connected to the gate port of the transistor. The parameters of this load will be used along the entire design process in order to set the frequency and the harmonic content of the automous signal, as well as the working regime. The output IF signal, with center frequency f IF = f RF − 3f o = 1.75 GHz is obtained through a mixing operation between the input RF signal and the third harmonic component of the autonomous signal. It is selected at the drain port of the transistor by means of a band-pass filter. The Auxiliary Generator (AG), connected at the gate port of the transistor, will be used to impose the frequency f o and the harmonic content, i.e., the amplitudes of the fundamental V o and the third V 3 o harmonic components of the autonomous signal. A current source, with frequency f p and very small amplitude i p = is also connected to the gate port. This generator will be used to determine the working point of the HSOM.
An overview of the HSOM design, optimization and analysis processes is provided by the flow chart represented in Fig. 2 , including the oscillator design process (a), the analysis of the conversion gain G c versus the harmonic content of the autonomous signal (b), and the analysis of the conversion gain and the linearity of the mixing operation versus the working point of the HSOM (c). All these design, optimzation and analysis steps will be described in detail in the next sections. 
Autonomous Solution of the HSOM
Several linear [20] and non linear methods, [21, 22] , have been proposed to design and analyze microwave autonomous circuits. In this work, the auxiliary generator technique is used to set the autonomous solution of the HSOM [1] [2] [3] 23] . The auxiliary generator is connected at the gate port of the transistor and works with frequency f AG = f o and amplitude V AG = V o . The frequency f o and the amplitude V o of the fundamental harmonic component of the autonomous signal are imposed through an optimization process in which several parameters of the circuit, including those of the multi-harmonic load, are modified in order to satisfy the non-perturbation condition of the auxiliary generator Y AG = I AG /V AG = 0 [1] [2] [3] . When this condition, expressed in terms of the real and imaginary parts of the admittance of the auxiliary generator, is fulfilled, the current through the auxiliary generator is zero. Therefore, no power is dissipated by or delivered to the circuit.
The auxiliary generator is also used to impose the amplitude V 3 o of the third harmonic component of the autonomous signal. In this case, the correspondig condition is added to the set of goals that define the optimization process:
where the superscripts ( r ) and ( i ) are used to denote the real and imaginary parts,γ p is the set of circuit parameters involved in the optimization process and ψ is the desired amplitude of the third harmonic component of the autonomous signal. When all the three conditions expressed in (1) are fulfilled, the circuit is able to maintain an autonomous solution with frequency f o and amplitudes of the fundamental and third harmonic components V o and V 3 o = ψ, respectively. Note the difference with respect to [3] , where the amplitude of the desired harmonic component of the autonomous signal is imposed through a substitution generator.
CONVERSION GAIN OF THE HSOM
The auxiliary generator technique allows an accurate control over the frequency f o and the harmonic content (V o , V 3 o ) of the autonomous signal of the HSOM. However, additional methods are required in order to improve the conversion gain of the circuit. In this work, the conversion gain will be enhanced through the application of a recently developed technique based on the independent control of the harmonic content of the autonomous signal and the working regime of the circuit [5] [6] [7] .
Harmonic Content of the HSOM
In order to analyze the influence of the harmonic content of the autonomous signal on the conversion gain G c of the HSOM, a double sweep on the amplitudes of the fundamental and third harmonic components of the autonomous signal (V o , V 3 o = ψ) is performed. At each point of the sweep, which corresponds to a particular selection of the harmonic content, the optimization variablesγ p are modified in order to satisfy the non-perturbation condition of the auxiliary generator [1] [2] [3] . Note that, due to the coupling between the harmonic balance equations, this fact involves the compliance with the three conditions expressed in (1) .
The amplitude of the first harmonic component of the autonomous signal has been changed between V o = 1 V and V o = 1.5 V. For each value of V o , the amplitude of the third harmonic component of the autonomous signal has been varied from
The result of the analysis is shown in Fig. 3 . As can be observed, the conversion gain strongly depends on the amplitude of V 3 o , since this harmonic component plays the role of local oscillator signal. On the other hand, if V o is greater than 1.2 V, the shape of the conversion gain presents a considerably greater ripple along the considered frequency band, from f RF = 10.6 GHz to f RF = 12.4 GHz. Note that, the maximun conversion gain, evaluated at the center of the considered band, that can be obtained by controlling the circuit harmonic content is less than G c = −20 dB.
From this analysis, the optimun pair V o , V 3 o for each particular application can be selected. It should be taken into account that, in most cases, a trade-off between the maximun conversion gain and its ripple along the working frequency band should be attained.
Working Regime Close to a Hopf Bifurcation Point
As has been shown in the previous section, the maximun value of the conversion gain which can be reached by means of controlling of the harmonic content of the HSOM is about G c ≈ −20 dB. The conversion gain of the circuit will be improved through the selection of an adequate working point. When a non linear circuit works close to a Hopf bifurcation point, a high amplification effect is generated. This phenomenon has been described as undesired in [24] , since it causes noise amplification over some spectral bands. However, it has also been shown that, when is carefully controlled, this phenomenon can be exploited to strongly amplify a weak signal [5] [6] [7] .
The Hopf bifurcation point can be detected from the analysis of the transfer function of the nonlinear system, which is linearized around its steady state autonomous solution. The linearized transfer function of the system is calculated as the impedance seen by a perturbating current generator with small amplitude i p = , connected in parallel with the gate port of the transistor (see Fig. 1 ) [25] . At 
the Hopf bifurcation point, a couple of complex conjugate poles, with negative real part, crosses the imaginary axis of the complex plane. The amplification effect which is generated is centered around the frequency of the pole pair, and its magnitude increases as the negative real part approaches zero. Note that the system is stable only if the real part of the poles is negative. In order to improve the conversion gain of the HSOM, a pair of complex conjugate poles, with small negative real part, will be created around the center frequency of the input signal f RF = 11.5 GHz. Hence, the amplification effect is used to enlarge the magnitude of the input RF signal. To set this operating point, the circuit is optimized in order to reach a quasi-zero admittance condition at the gate port of the transistor. This condition, which must be fulfilled around the center frequency of the input signal band, can be written as:
where the admittance of the auxiliary generator Y AG is expressed as the sum of the admittance that represents the linear part of the circuit, Y L , and the admittance which represents its non linear part, Y N L (see The grey line in Fig. 4 shows the conversion gain around f RF = 11.5 GHz of a circuit with harmonic content V o = 1.2 V, V 3 o = 0.25 V). The conversion gain achieved after creating a pair of complex conjugate poles, with negative real part r p ≈ −0.13 and frequency f = 11.5 GHz, is represented with black line. Note that the conversion gain improves about 30 dB.
The use of a multi-harmonic load based on an arbitrarily width modulated transmission line [19] provides a precise control over the position of the pair of complex conjugate poles created after reaching the condition expressed by (2) [7] . Therefore, several operating points, associated with different values of amplification, can be achieved. The maximum value of the conversion gain versus the negative real part of the created pole pair has been represented in Fig. 5 . Since the magnitude of the amplification effect which is exploited in order to enlarge the magnitude of the input RF signal is greater for smaller values of |r p |, the conversion gain of the HSOM increases as the real part of the pole pair approaches zero.
Independent Control of the Harmonic Content and the Working Point
The impedance of the transistor depends on the amplitude of the current flowing through it. Therefore, in order to set the operating regime close to a Hopf bifurcation point, the desired harmonic content is first selected, and then the parameters of the circuit are optimized to fulfill the condition given by (2) .
In order to prove that the two factors that determine the conversion gain are controlled independently, three different HSOM circuits with different harmonic content have been designed. The amplitude of the fundamental component of the autonomous signal is the same in all the cases, V o = 1.2 V, and the amplitude of its third harmonic component takes three different values V 3 o = {10, 20, 30} mV. redAs represented in Fig. 3 , the conversion gain strongly depends on the value of V 3 o , since it plays the role of local oscillator signal. The minimum value, V 3 o = 10 mV has been selected in order to ensure that the conversion gain after the optimization of the HSOM working point is not limited by the previous selection of the harmonic content. On the other hand, although the conversion gain is expected to increase with V 3 o , it is very difficult to enlarge its magnitude over 30 mV. The amplitude of the fundamental harmonic component of the autonomous signal, V o = 1.2 V, has been selected in order to ensure that the amplitude of V 3 o can reach the value of 30 mV and to provide low ripple of the conversion gain frequency response (See Fig. 3 ). After setting the harmonic content, a pair of complex conjugate poles has been created, with real part r p ≈ −0.13 and frequency f ≈ 11.5 GHz, in the three circuits. Since the real part of the created poles is nearly the same, the operating regime of the three circuits is almost at the same distance from the Hopf bifurcation point, and the magnitude of the associated amplification effect is also the same in the three cases. The obtained conversion gain curves are represented in Fig. 6(a) . As can be observed, the conversion gain increases with the amplitude of V 3 o . The created poles are depicted in Fig. 6(b) . Note that they are practically in the same position.
Thus, it is shown that the conversion gain of the HSOM depends on two different factors, namely, the harmonic content of the autonomous signal and the working regime close to a Hopf bifurcation point, and that these two factors can be independently controlled.
ANALYSIS OF THE LINEARITY OF THE HSOM
In order to analyze the linearity of the HSOM working as a mixer, the two figures of merit which are commonly used to characterize conventional amplifiers [8-10, 26, 27] , and mixers [13, 15, 17, 28] , namely, the 1 dB compression point and the third order interception point (IP3), will be calculated. In addition, an in-depth study of the influence of the harmonic content and the operating regime of the circuit on the linearity of the mixing operation will be performed.
In the case of the HSOM, the 1 dB compression and the IP3 cannot be directly calculated as in a conventional mixer. Due to the autonomous nature of the circuit, the power of the input RF signal affects the frequency and the harmonic content of the autonomous signal.
Therefore, for each considered value of the input RF signal power P RF , the autonomous solution of the HSOM must be recalculated through an optimization process in which the optimization variables are the frequency f o and the amplitude V o of the autonomous signal. As can be observed in Fig. 7(a) , the amplitudes of V o and V 3 o are almost constant when the input RF signal power is less than −25 dBm. From this value, the amplitudes of the fundamental and the third harmonic components of the automous signal decrease as the RF signal power increases. Hence, the power of the local oscillator signal, i.e., the third harmonic component of the autonomous signal, varies with the power of the input RF signal P RF . In addition, if the power of the input signal reaches the value P RF ≈ −10 dBm, the amplitude of V o quickly approaches zero, which means that the autonomous signal is extinguished via and inverse Hopf bifurcation [1] .
Influence of the Harmonic Content
1 dB Compression Point
The selected transistor provides a 1 dB compression point about P 1 dB ≈ 5 dBm when it is used in conventional mixers and amplifiers, working with an input signal frequency about f RF ≈ 12 GHz. In this case, the 1 dB compression point cannot be reached. On the one hand, the amplitude of V 3 o , which plays the role of local oscillator signal, is not constant if the power of the input RF signal is greater than −25 dBm. On the other hand, the autonomous signal is extinguished via an inverse Hopf bifurcation when the input RF signal power is above −10 dBm. Therefore, the theoretical value P 1, dB = 5 dBm cannot be reached because the mixing operation is not possible at that value of the RF signal power.
Third Order Distortion
As in the case of the 1 dB compression point, the third order interception point (IP3) cannot be calculated as in the case of standard mixers and amplifiers, because the 1 dB compression point cannot be reached and the value of V 3 o depends on the power of the RF signal (see Fig. 7(b) ).
In order to analyze the third order distortion versus the harmonic content of the autonomous signal, an input RF signal composed of two tones with the same power P RF and frequencies f RF, 1 = 11.5 GHz and f RF, 2 = 11.51 GHz is provided to the circuit. Next, the difference P delta = P IF − P 3rd, dist between the power of the output IF signal, with frequency f IF = f RF, 1 − 3f o and the signal which causes the third order distortion, with frequency f 3rd dist = (2f RF, 2 − f RF, 1 ) − 3f o , is computed for different values of P RF . Note that, for each value of P RF , the frequency f o and the amplitude V o of the autonomous signal must be recalculated. Figure 8 shows Combining the data represented in Figs. 8 and 3 , the optimun pair (V o , V 3 o ) for each particular application can be selected, in order to reach a trade-off between the conversion gain and the maximun allowed third order distortion.
Influence of the Working Regime
In order to analyze the influence of the proximity of the working regime of the HSOM to the Hopf bifurcation point on the linearity of the mixing operation, the 1 dB compression point and the third order distortion P δ will be calculated for different circuits, with the same harmonic content, operating at different distances from the Hopf bifurcation point.
1 dB Compression Point
The high flexibility of the multi-harmonic load based on an arbitrarily width modulated transmission line allows the precise control of the working point of the circuit. In this case, several circuits with the same harmonic content (V o = 1. Figure 9 . Influence of the working point of the HSOM on the 1 dB compression point. Inset: Created pairs of poles corresponding to the considered five different operating regimes, which are identified by the numbers from 1 to 5. Therefore, the conversion gain of each HSOM is given by the value of the negative real part of the created complex conjugate pair of poles. The 1 dB compression point is calculated by sweeping the value of the input RF signal power P RF and calculating the power of the IF output signal. Note that, for each value of P RF , the parameters of the autonomous solution must be recalculated before determining the conversion gain. The conversion gain of the HSOM circuits with different operating regimes, calculated at the center of the working band as G c (dB) = P IF (dBm) − P RF (dBm) has been represented in Fig. 9 . Note that the 1 dB compression point reduces in the same proportion as the maximum conversion gain increases. This is due to the fact that the amplification effect associated with the working point of the HSOM affects the input RF signal before the mixing operation. Hence, as the distance of the created pair of poles to the imaginary axis of the complex plane is reduced, the magnitude of the amplification effect is greater and the power of the RF input signal involved in the mixing process is also enlarged.
From the data represented in Fig. 9 , the HSOM working close to a Hopf bifurcation point can be represented through the equivalent circuit represented in Fig. 10 . It is composed by a harmonic selfoscillating mixer, whose features depend on the harmonic content of the autonomous signal and by an ideal amplifier which affects the input RF signal. The gain of this amplifier is conditioned by the distance of the working regime of the HSOM to the Hopf bifurcation point and, for relatively low values of P RF , it does not depend on the input RF signal power. Therefore, the value of the 1 dB compression point is only determined by the harmonic self-oscillating mixer.
Third Order Distortion
Finally, the power difference P δ between the output IF signal and that which causes the third order distortion has been calculated, at the frequency for which the largest conversion gain is obtainted. The resulting data have been represented in Fig. 11 . The value of P δ P (dBm) decreases as the maximum conversion gain grows, which means that the third order distortion increases as the distance to the Hopf bifurcation point is reduced. Anyway, for a maximun value of the conversion gain about G c = 5 dB, P δ is bigger than 50 dB for all the considered values of the input RF signal power. Note also that, when the power of the input RF signal is lower than −50 dBm, all the traces depicted in Fig. 11 are straight lines with −2 dB slope, which means that when the power of the RF signal increases 1 dB, the power of the IF signal also increases 1 dB, while that of the third order distortion signal increases 3 dB. Therefore, the mixer is working in a linear regime, despite the high amplification associated with the working point.
CONCLUSIONS
The conversion gain of a Harmonic Self-Oscillating Mixer has been analyzed versus the harmonic content of the autonomous signal and it has been considerably improved through the selection of an adequate working regime, close to a Hopf bifurcation point. The linearity of the mixing operation has been characterized through the analysis of the influence of the two considered factors in the 1 dB compression point and the third order distortion. It has been shown that the 1 dB compression point reduces and the third order distortion worsens as the maximun gain increases, due to the generated amplification effect. However, it can be assumed that the mixer works in a linear zone when the input RF signal power is below −40 dBm, which ensures that the HSOM can be used in front-end stages of microwave receivers. The data collected from the presented analysis can be used to select the optimum harmonic content and working regime for each particular application, in order to reach a trade-off between IF signal distortion and conversion gain.
